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ABSTRACT 
A statewide soybean disease survey was carried out during the 2005 to 2007 growing seasons 
in Iowa to determine the relative risks for soybean diseases in Iowa. Soybean plants were collected 
from almost 1,000 fields in each growing season. A systematic design was used to collect 30 plants 
from 3-5 fields in each county at four growth stages, V2-V3, R1-R2, R4-R5, and R6-R7. The survey 
provided a unique opportunity to study the spatial and temporal prevalence and incidence of several 
soybean diseases in Iowa. This thesis will focus on soybean mosaic and stem canker. 
Soybean mosaic virus (SMV) is seedborne and can be transmitted by 32 species of migratory 
aphids. Soybean yield losses ranging from 8 to 35% have been reported. The soybean aphid (Aphis 
glycines) is considered the only colonizing aphid species of soybean in North America, and this aphid 
species is also a vector of SMV.  This aphid was first found in Iowa in 2000 and has since been 
reported in every county; however, little information is available concerning its impact on the 
prevalence and incidence of SMV. The middle leaflet of the topmost fully-developed leaf from each 
plant sampled from a soybean field was removed, and the 30 leaflets from each field were divided 
into five, 6-leaflet subsamples. Following sap extraction, samples were tested for the presence of 
SMV by ELISA. The prevalence and incidence of SMV at the county and field scales were calculated 
and mapped using ArcGIS. In 2005, 43 of 921 soybean fields (4.7%) tested positive for SMV, 
compared with 37 of 1058 soybean fields (3.5%) in 2006, and 310 of 1073 soybean fields (28.9%) in 
2007. The highest incidence of SMV among counties was 23.1%, 13.3% and 46.0% in 2005, 2006, 
and 2007, respectively. The seasonal pathogen progress (cumulative SMV prevalence versus day of 
year and SMV incidence versus day of year) were similar in 2005 and 2006, but very different for 
2007, which had a substantially higher rate of pathogen increase versus time. Counties with similar 
incidence of SMV showed a weak clustered spatial pattern in each of the three years using Moran’s 
Index. Based on this three-year survey, there was weak (2005) or no association (2006, 2007) 
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between the absence/presence of SMV and the absence/presence of soybean aphid in the same 
soybean fields. 
Members of Diaporthe/Phomopsis complex cause several late season diseases of soybean, 
including northern stem canker (Diaporthe phaseolorum var. caulivora, DPC) and southern stem 
canker (Diaporthe phaseolorum var. meridionalis, DPM). Southern stem canker has not been reported 
in Iowa, however the disease was found in neighboring Wisconsin (2003). Since agronomists in Iowa 
have reported an increase in the prevalence of stem canker over the past few years, one objective of 
this study was to determine if DPM is present in Iowa soybean fields. As part of the Iowa Soybean 
Disease Survey, soybean plants with stem canker symptoms were collected and isolates of 
Diaporthe/Phomopsis characteristics were obtained from these samples. During the 2005 growing 
season, 62 isolates were isolated from plant samples that exhibited stem canker symptoms. 
Amplification of the fungal internal transcribed spacer (ITS) region followed by digestion with the 
restriction enzyme AluI was used to identify isolates to variety, and 14 of the 62 isolates were 
identified as DPC, and the remaining 48 isolates were Phomopsis. No DPM isolates were identified 
from the 62 isolates. To quantify and compare isolate aggressiveness, nine of the isolates representing 
four different geographic areas in Iowa were arbitrarily selected for components analysis. Soybean 
cultivar “S35” was inoculated with each isolate at growth stage V2-V3 by inserting a single DPC-
infested toothpick below the first trifoliate node. Each replication consisted of three 10-cm pots, each 
containing four plants. The entire experiment was conducted twice using the same controlled 
environmental conditions. Components of aggressiveness (incubation period, rate of lesion expansion, 
final lesion length, and time to death) for each isolate and for isolates from the same geographic area 
were analyzed using analysis of variance (ANOVA), and mean separations were performed using the 
Waller-Duncan K-ratio test (P=0.05). There were significant differences among the nine isolates 
evaluated and among the isolates grouped from different geographic areas for each of the 
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aggressiveness components. Stem canker disease was not observed in the 2006 and 2007 growing 
season of this survey (approximately 1,000 soybean fields sampled per season). 
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CHAPTER 1. GENERAL INTRODUCTION 
 
Thesis organization 
This thesis contains an abstract and four chapters. The first chapter is a general introduction 
to the background information about soybean mosaic and stem canker, and justification for the work. 
The second chapter describes the work on the prevalence, incidence, and spatial dependence of 
Soybean mosaic virus in Iowa. The third chapter describes the biological and epidemiological studies 
of the Diaporthe/Phomopsis complex in soybean fields in Iowa. The fourth chapter summarizes the 
research and provides overall conclusions to the thesis. References cited within each chapter are 
presented at the end of each chapter. 
 
Literature review 
Soybean mosaic virus  
History and economic importance 
Soybean mosaic is a disease of soybean (Glycine max (L.) Merr.) which occurs throughout 
the world wherever soybeans are grown (20). The causal agent, Soybean mosaic virus (SMV), was 
first reported in the U. S. in Connecticut in 1915 and was first described in 1921 (20). The most 
important economic host of SMV is soybean. However, six plant families, including the Fabaceae, 
Amaranthaceae, Chenopodiaceae, Passifloraceae, Schropulariaceae, and Solanaceae, can also be 
infected by various SMV strains (20).   
Soybean mosaic virus infection has been reported to cause quantitative yield losses ranging 
from 8 to 35% in soybean field inoculation experiments (17, 21, 45, 47). However, losses up to 86-
94% also have been reported (11, 15) . The degree of yield loss is highly dependent on soybean 
cultivar and SMV strain (53). Double infections of soybean plants with SMV and either Bean pod 
mottle virus or Peanut mottle virus have resulted in much higher yield losses than caused by SMV 
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alone (10, 42, 45). Components of yield most adversely affected by soybean mosaic are the number of 
pods per plant, seed size, and seed weight (20). Infection by SMV can also adversely affect seed 
germination (13, 17), reduce oil content, and increase protein (12, 52). 
Symptoms 
The severity of disease symptoms varies with soybean cultivar and SMV strain, soybean 
plant age at infection, as well as environmental conditions (20). Generally, infected soybean plants 
are stunted, due to both shortened petioles and internodes. The youngest and most rapidly developing 
leaves often exhibit the most severe symptoms, which are usually depicted as a mosaic pattern of light 
and dark green areas on leaves. In addition, leaves also may exhibit chlorosis, rugosity, curling, 
and/or premature defoliation. Infected plants have reduced number of pods per plant, and infected 
pods commonly appear smaller, flatter, have fewer leaf hairs, and appear acutely curved. Seeds are 
smaller in SMV-infected plants compared to healthy soybean plants and may be mottled black or 
brown (20, 25). Soybean mosaic symptoms are often masked during hot dry weather (above 30°C), 
and rugosity is most severe at cooler temperature (about 18°C). Incubation periods are also affected 
by temperature and range from 4 days at 29.5°C to 14 days at 18.5°C (20).   
Causal agent 
The causal agent, Soybean mosaic virus (SMV), belongs to the plant virus family 
Potyvirideae (20). The particles of SMV are long flexuous rods, measuring 15-18 ×750 nm (20). The 
virion consists of monomeric coat protein subunits and positive-sense, single-stranded RNA (20). The 
thermal inactivation point of SMV is reported to be 55-66°C (20). The dilution end point ranges from 
10-3 to 10-5 and longevity in vitro ranges from 2-3 days or 4-5 days (20).  
Nine SMV strains, designated as G1 to G7, G7a, or C14, have been classified in the U. S. 
based upon their differential reactions on eight soybean cultivars (7). It is quite possible that more 
SMV strains exist in other regions of the world (20). 
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Epidemiology 
(i) Seed transmission 
Infected seed is the most important source of primary inoculum to initiate soybean mosaic 
epidemics, as well as for long distance dissemination of the virus (24). Time of SMV infection in 
relation to plant development and plant genotype are two principle factors affecting the incidence of 
plant-to-seed transmission in the field (24). Inoculation with SMV of highly determinant plants after 
flowering might give no seed transmission. The virus has been shown to be pollen and ovule 
transmissible, but at extremely low levels (23). Embryo infection by SMV during flower development 
is a prerequisite for seed-to-seedling transmission (24). The incidence of seed-to-seedling 
transmission also depends on the plant genotype, as it does not occur in some soybean cultivars, but 
does occur in other cultivars. The incidence of SMV in seed can be as high as 75% (20). In most 
modern soybean cultivars, incidence of SMV seed-to-seedling transmission is less than 5% (20). 
There is no significant relationship between seed-to-seedling transmission and the severity or 
incidence of seed mottling (46), as transmission can occur in both mottled and non-mottled seeds. 
(ii) Insect and mechanical transmission 
At least 32 aphid species belonging to 15 different genera can transmit SMV in a 
nonpersistent manner (20). Transmission efficiency of SMV varies among SMV strains and vector 
species (36). Several migratory species of aphids, such as the green peach aphid (Myzus persicae), 
corn leaf aphid (Rhopalosiphum maidis), and cowpea aphid (Aphis craccivora), are considered to be 
the most important migratory (non-colonizing) vectors for SMV transmission to soybeans (24). The 
soybean aphid, Aphis glycines, is the only aphid species in North America known to colonize and 
reproduce on soybean, and soybean aphid population densities on a single plant can exceed 3,000 
(44). This aphid was first reported in North America in July 2000 in Wisconsin (43), and since that 
time, this aphid species has been detected in more than 20 states (including all the Midwest soybean-
producing states and 3 provinces in Canada) (56). Transmission efficiency by the soybean aphid has 
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been reported to be as high as 34.7% following a 1-min period of probing, compared to just 0.83% 
when allowed to feed overnight (55). SMV can also be mechanically transmitted by infected sap and 
plants by grafting SMV-infected plant material onto non-infected plants (20). 
Management 
Planting SMV-resistant cultivars, SMV-free seed, and avoiding late planting are the best 
ways to reduce the risk of soybean mosaic and subsequent yield losses (20). At least three single 
genes, Rsv1 (6, 28), Rsv3 (5), and Rsv4 (37), have been identified and named. The numbers 1, 3, and 
4 refer to the location of these genes on specific resistance loci. Resistance genes at these loci confer 
different reactions to differential SMV strains (8). 
Justification 
The soybean aphid was first reported in Iowa in 2000 and since then has been found in every 
county in Iowa (44). However, no quantitative information is available on the impact of this relatively 
new colonizing aphid species on the prevalence and incidence of SMV in soybean crops. In addition, 
the cultivars currently grown in Iowa tend to mask the symptoms of SMV infection (25), and 
therefore, visual assessment of plants to quantify soybean mosaic disease prevalence and incidence is 
unreliable. Thus, the actual prevalence and incidence of SMV in Iowa may be greatly underestimated 
if assessments are based on plant symptoms. Since SMV can be seedborne, it is important, from a 
management perspective, to prevent or greatly reduce the incidence of SMV infection in seed. Also, 
SMV co-infection with other plant viruses infecting soybean, including Bean pod mottle virus 
(BPMV), can result in severe adverse synergistic effects and greater yield losses (42). Coupling 
global position systems (GPS) and geographic information systems (GIS) technologies with SMV 
prevalence and incidence disease survey data would allow the generation of disease risk maps for 
SMV prevalence and incidence at the county and field scales in Iowa. Such information would be 
helpful to guide soybean producing and seed companies in the selection of soybean seed lots from 
areas of low soybean mosaic disease risk in Iowa, thereby resulting in a lower level of SMV seed 
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infection. The availability of pre-plant soybean mosaic disease risk maps would also alert soybean 
producers and seed companies of impending high soybean mosaic disease risk areas that would 
require the use of resistant soybean cultivars to reduce disease risk. By accurately quantifying disease 
risk, the development of appropriate management practices can be developed and deployed to 
mitigate that risk. 
 
Diaporthe/Phomopsis complex 
Infection of soybean (Glycine max (L.) Merrill) by Diaporthe/Phomopsis complex results in 
several diseases of soybean. Diaporthe phaseolorum var. caulivora (DPC) causes northern stem 
canker, D. phaseolorum var. meridionalis (DPM) causes southern stem canker, D. phaseolorum var. 
sojae (DPS, anamorph Phomopsis phaseoli) causes pod and stem blight, and Phomopsis longicolla is 
the primary causal agent of soybean seed decay (51). Each of these diseases occurs in late season and 
can dramatically reduce soybean yield and seed quality. Overall, the Diaporthe/Phomopsis complex 
causes more soybean yield loss than any other fungal pathogen (57). 
History and economic importance 
Northern stem canker was first reported in the late 1940’s in Iowa (9), and during the 1950’s, 
it was prevalent in the north central United States causing severe yield losses of up to 50% (14), due 
to the use of susceptible soybean cultivars (1). As these cultivars were removed from production and 
replaced with more resistant cultivars, the disease became a minor problem (2). Twenty years later, 
stem canker was reported in the southern U. S. in 1973, and by 1984, this disease had been detected in 
all southern U.S. states (14). The pathogen was identified as a different variety of the same species 
that causes northern stem canker, based upon distinct differences in pathogenesis and culture 
morphology (38, 39, 40). Yield losses of up to 80% have been reported when weather conditions were 
also favored for disease development (33).  
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Pod and stem blight was first observed in the United States in 1920, and is now found 
throughout most soybean growing areas of the world (34). This disease reduces yield by causing 
premature plant death, and seed quality can be greatly affected (16). 
Symptoms 
Symptoms of northern stem canker first occur during the early reproductive growth stages of 
soybeans (14). Small lesions are reddish-brown in color and occur at the lower leaf nodes. As the 
disease progresses, lesions enlarge longitudinally and form sunken cankers, which are usually 2 to 10 
cm long and become dark brown in color. The lesions often girdle the stem, resulting in wilting and 
plant death. Perithecia may be visible on dead host tissue. Leaves of the dead plant remain attached to 
the stem (14). Occasionally, stem tip die back may occur. The upper five or six internodes of infected 
plants are distinctly darker brown in color than the low internodes of the same plant (22). 
Additionally, seeds of the upper nodes are often visibly moldy, while the seeds from lower nodes are 
seldom moldy (22).   
Early symptoms of southern stem canker are similar to those caused by northern stem canker, 
in that brown cankers elongate at lower nodes; however, lesions rarely girdle the stem (14). In 
addition, distinctive foliar symptoms occur. These begin as small yellow blotches that later develop 
into interveinal chlorosis and necrosis, and lead to death of the leaves, which remain attached to the 
stem (50). Southern stem canker also damages the plant by producing a phytotoxin (35). Cool, moist 
conditions during the early vegetative stages greatly enhance disease development (14). Both northern 
and southern stem canker can kill full-grown plants from mid-season to maturity (14). 
Signs of pod and stem blight can occur on stems, petioles, pods, seeds, and less infrequently, 
on leaf blades (34). Infected older stems and petioles often have tiny black specks (pycnidia) which 
are usually arranged in rows (16). Infected pods may be poorly developed and also have scattered 
pycnidia (34). Sometimes, infected leaves and/or stems are virtually asymptomatic (34). Stem canker 
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infections on the stem can occasionally be misdiagnosed on mature plants as pod and stem blight 
because the signs of these two diseases are similar when observed with the naked-eye.  
Causal agents 
On potato dextrose agar (PDA), DPC forms compact, shrunken and white-yellow mycelia 
which become fluffy and ochre in color with age. The underside of a culture is occasionally light 
ochre to tan. Stromata are infrequent and perithecia with long beaks are produced in clusters. The asci 
are eight-spored, elongated, and with rings at the apexes. Ascospores are two-celled, hyaline, and 
ellipsoidal to fusiform in shape. Alpha and beta-conidia can be produced under laboratory conditions 
but rarely in nature (14). 
The mycelia of DPM are tufted, white on PDA and become tan with age. The underside of a 
culture is usually light brown to tan, and defined stromata are infrequent. Perithecia with long beaks 
are produced and are often solitary. The asci are similar to, but larger than, those of DPC. Only alpha 
conidia are produced under laboratory conditions (14). 
On PDA, DPS mycelia are ropelike, white, gray or yellow-green in color. The underside of 
the colony is generally grayish in color. Black stromata of irregular shape and size frequently are 
scattered throughout the media. Conidiophores are simple, hyaline, and both alpha and beta conidia 
are produced in culture (34). The culture morphology of DPS is based on the anamorph.  
Diaporthe phaseolorum has a wide host range. Members of the complex can colonize at least 
11 crops including common bean, pea, and cotton (48, 51). There are 16 weed species that are 
alternative hosts for DPM (51), including velvetleaf (Abutilon theophrasti) and pigweed (Amaranthus 
species). However, the role and importance of these alternative weed hosts in the epidemiology of the 
diseases is not known.  
Epidemiology 
The causal agents of northern and southern stem canker, DPC and DPM, respectively, 
overwinter in soybean debris and infected seeds (1, 2). The incidence of seed infection by DPC can 
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range from 10 to 20%, while the incidence of seed infection by DPM rarely exceeds 1% (14). For 
southern stem canker, infection at V3 growth stage (3-leaf stage) corresponds to the highest severity 
of disease (4). Temperature and duration of wet periods are significantly related to infection by DPM. 
The highest level of infection occurs between 28 and 34 °C (49) and infection requires leaf wetness 
periods of 24-96 h following a rain event (14). Rainfall during vegetative growth is also critical for 
disease development. Foliar symptoms appear much later in the growing season, often during 
reproductive stages. Rupe et al. (50) have shown that a minimum incubation period of 34 to 41 days 
is necessary before foliar symptoms are evident. Also, regardless of growth stage at the time of 
infection, foliar symptoms generally do not develop until the onset of flowering (R2 growth stage) 
(50). Canker formation occurs before foliar symptoms, but this symptom is also associated with 
flowering (50).  
The causal agent of pod and stem blight, DPS, also survives the winter in both soybean debris 
and seeds (1, 34). Plants are infected early in the growing season by DPS, which is commonly the 
first fungus to infect soybean stems (30). The pathogen causes a localized infection and remains 
asymptomatic until the late reproductive growth stage, R7 to R8 when symptoms/signs occur (19). 
Pod infection occurs anytime from flowering onwards; however, extensive seed infection does not 
generally take place until the pods begin to mature (R7 growth stage) (16). Seed infection occurs only 
if pods are colonized by the fungus (31). Seed infection is favored by warm, wet weather (16). 
Management 
Resistance to soybean stem canker is controlled by at least four major, dominant, non-allelic 
genes: Rdc1, Rdc2, Rdc3, and Rdc4 (3, 29, 54). It is believed that any individual gene can confer 
complete resistance; however, some reports suggest two genes might provide protection against a 
broader range of isolates. No research has been done to determine if Rdc genes have additive effects 
(14). In addition, there is no clear evidence that Rdc genes confer the same degree of resistance to 
both DPC and DPM (41).  
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Primary disease management of stem canker requires the use of resistant or moderately-
resistant cultivars and tillage to reduce infested soybean residue on the soil surface (14). For pod and 
stem blight management, use of high quality, pathogen-free seeds, crop rotation, and seed treatment 
help reduce the source of primary inoculum, and thereby decreasing disease risk (34).  
Justification 
In recent years, an increase in the prevalence and incidence of stem canker in Iowa soybean 
fields has been reported by Iowa agronomists. The reasons for this are currently unknown, but several 
hypotheses have been proposed. These include: (i) southern stem canker (DPM) occurs in Iowa and 
has been misdiagnosed as northern stem canker, (ii) a change in pathogen aggressiveness may have 
increased parasitic fitness among DPC isolates, (iii) a change in environmental conditions during the 
last decade may have increased pathogen survival from season-to-season, and/or an increased rate of 
disease development with respect to time, (iv) a change in virulence in the Diaporthe pathogen 
population that may have resulted in more soybean cultivars being susceptible, (v) increased 
prevalence of soybean viruses that enhance susceptibility of soybean to Diaporthe spp. infection, and 
(vi) breeding for high yield potential may have resulted in decreased resistance to DPC. 
If DPM is present in Iowa, there is a potential threat for the coexistence of both pathogen 
varieties in the same soybean field. The coexistence of both DPC and DPM may substantially 
increase the genetic diversity of these pathogens (41) and could potentially increase disease risk and 
subsequent yield loss. The presence of DPM in Iowa counties also could potentially threaten the 
durability of disease resistance currently being deployed, as it is unknown whether the cultivars that 
are currently and widely grown in the North Central soybean production region would be resistant to 
DPM. Although northern cultivars express either moderate susceptibility or resistance to southern 
isolates in seedling tests (18, 38), soybean cultivars resistant to southern stem canker isolates have 
been reported to be susceptible to northern stem canker isolates (18, 26, 27). To date, the presence 
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and geographical distribution of these two pathogen varieties within Iowa soybean fields and counties 
have not been determined and/or mapped. 
Infection of soybean plants with SMV at or before growth stage R2 has been reported to 
increase susceptibility to Phomopsis seed infection (32).  Since SMV has been reported in Iowa, this 
raises the question as to whether SMV infection also increases the risk for D. phaseolorum infection 
in crops, thereby accounting for the perceived increase in the prevalence and incidence of stem canker 
in Iowa. 
Traditionally, morphological characteristics and symptoms on soybean have been used to 
differentiate D. phaseolorum varieties from one-another, as well as from DPS. However, 
morphological characteristics of this species are often too variable to establish reliable taxonomic 
classification criteria (59). Moreover, symptoms associated with disease development can be easily 
confused with one another. Molecular tools have been developed to differentiate varieties within the 
Diaporthe/Phomopsis complex, providing faster, more accurate and reliable classifications (59). The 
three D. phaseolorum varieties have unique fragments of 605 bp when ITS regions are amplified with 
primers ITS4 and ITS5 (58). Digestion of the 605 bp amplicon with the restriction enzyme AluI has 
enabled researchers to obtain unique fragment patterns, and differentiate varieties (59).  
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CHAPTER 2. THE PREVALENCE, INCIDENCE AND SPATIAL DEPENDENCE OF   
SOYBEAN MOSAIC VIRUS IN IOWA 
 
A manuscript prepared for submission to Plant Disease 
 
Abstract 
Soybean mosaic virus (SMV) is seedborne and can be transmitted by 32 species of migratory 
aphids. Soybean yield losses ranging from 8 to 35% have been reported. The soybean aphid (Aphis 
glycines) is considered the only colonizing aphid species of soybean in North America, and this aphid 
species is also a vector of SMV.  This aphid was first found in Iowa in 2000 and has since been 
reported in every county; however, little information is available concerning its impact on the 
prevalence and incidence of SMV. A statewide soybean disease survey was carried out in 2005 to 
2007 growing season by sampling 3 to 5 fields per county at growth stages V2-V3, R1-R2, R4-R5, 
and R6-R7.  A systematic sampling design was used to collect 30 soybean plants per field. The 
middle leaflet of the topmost fully-developed leaf from each plant sampled from a soybean field was 
removed, and the 30 leaflets from each field were divided into five, 6-leaflet subsamples. Following 
sap extraction, samples were tested for the presence of SMV by ELISA. The prevalence and 
incidence of SMV at the county and field scales were calculated and mapped using ArcGIS. In 2005, 
43 of 921 soybean fields (4.7%) tested positive for SMV, compared with 37 of 1058 soybean fields 
(3.5%) in 2006, and 310 of 1073 soybean fields (28.9%) in 2007. The highest incidence of SMV 
among counties was 23.1%, 13.3% and 46.0% in 2005, 2006, and 2007, respectively. The seasonal 
pathogen progress (cumulative SMV prevalence versus day of year and SMV incidence versus day of 
year) were similar in 2005 and 2006, but very different for 2007, which had a substantially higher rate 
of pathogen increase versus time. Counties with similar incidence of SMV showed a weak clustered 
spatial pattern in each of the three years using Moran’s Index. Based on this three-year survey, there 
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was weak (2005) or no association (2006, 2007) between the absence/presence of SMV and the 
absence/presence of soybean aphid in the same soybean fields. 
 
Introduction 
Soybean mosaic is a disease of soybean (Glycine max (L.) Merr.) caused by Soybean mosaic 
virus (SMV) that is found throughout the world wherever soybeans are grown (7). Reported yield 
losses have ranged from 8 to 35% (6, 9, 20, 21), but losses can be as high as 86-94% (4, 5), mostly 
due to reduced pod set, seed size, and seed weight (7). Coinfection of soybean by SMV with other 
soybean viruses, e.g., Bean pod mottle virus (BPMV), can have synergistic effects leading to more 
severe yield losses than losses caused by either virus alone (2, 18, 20). Soybean mosaic virus infected 
seed is considered the primary source for both virus inoculum (overwintering) and long distance 
dissemination (10). At least 32 migratory aphid species that belong to 15 different genera can acquire 
and transmit SMV to soybean plants in a nonpersistent manner (7).  
The soybean aphid (Aphis glycines), the only aphid species in North America known to 
colonize and reproduce on soybean, is also an efficient vector for SMV (8). In Iowa, it was first 
detected in August 2000, and since that time, soybean aphid has been reported in every Iowa county 
(19). However, no quantitative information is available on the impact of this colonizing aphid species 
on the prevalence, incidence, and spatial dependence of SMV in Iowa counties and fields. In addition, 
soybean mosaic symptoms vary with soybean cultivar, virus strain, plant age at infection, and 
environment (7), and most soybean cultivars currently grown in the Midwest tend to mask SMV 
symptoms (11). Therefore, visual assessment of plants to quantify SMV disease prevalence and 
incidence is unreliable. Thus, the actual prevalence and incidence of SMV in Iowa might be greatly 
underestimated when based upon visual assessment for symptoms.   
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A state-wide soybean disease survey (Iowa Soybean Disease Survey) was undertaken in Iowa 
during the 2005 to 2007 growing seasons to determine the relative risks of soybean diseases in Iowa. 
Soybean plants were collected from nearly every Iowa county at different soybean growth stages (V2-
V3, R1-R2, R4-R5, and R6-R7) over the course of each growing season, and leaf samples were tested 
for the presence of SMV in leaf saps using ELISA (16). Survey data coupled with global position 
system (GPS) and geographic information system (GIS) technologies provide a unique opportunity to 
quantify and map the prevalence and incidence of SMV at county and field scales over a three-year 
period, as well as to examine whether there was an association between the presence/absence of 
soybean aphid and presence/absence of SMV in the same soybean fields.    
The objectives of this study were to (i) quantify the prevalence and incidence of SMV in 
commercial soybean fields in Iowa; (ii) determine if there is spatial dependence for SMV at the 
county scale; and (iii) determine if there is an association between the presence/absence of soybean 
aphid and presence/absence of SMV at the field scale. 
 
Materials and methods 
Sampling. A state-wide soybean disease survey was carried out in Iowa over the course of 
three growing seasons beginning in May 2005, and concluding in September 2007. Within each 
growing season, three-to-five soybean fields were sampled at growth stages V2-V3, R1-R2, R4-R5, 
and R6-R7 from each Iowa county. Iowa State University Extension Field Agronomists collected 30 
soybean plants per soybean field using a systematic sampling design (modified cross with 10 arms). 
Soybean plants also were collected by United States Department of Agriculture-National Agricultural 
Statistics Service (USDA-NASS) from July through August of each year. A modified W sampling 
design with 10 or more arms between two randomly chosen points was used to select 30 plants for 
collection per field. At each sampling point of the modified W, three plants were sampled. The 
middle leaflet of the topmost fully-expanded trifoliate of each plant was removed and the 30 leaflets 
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sampled from each field were stratified into five, 6-leaflet sub-samples. Sub-samples were labeled 
and stored in plastic bags at 4°C until sap extraction. Field information, including the geographical 
location (GPS coordinates) of each soybean field sampled, the presence or absence of the soybean 
aphid, and the stage of soybean growth were recorded for each field sampled. 
Sap extraction. Sap was extracted from each 6-leaflet sub-sample using a leaf press (Ravenel 
Specialties Crop., Seneca, SC). The six leaflets from each subsample were placed between metal 
rollers and 4 to 5 ml General Extraction Buffer (Agdia, Inc., Elkhart IN) was added as sap was 
extracted. Leaf sap from each sub-sample was collected into a 5 ml portion cup and then immediately 
dispensed into three 1.5-ml microcentrifuge tubes, which were stored at -20°C until one tube was 
thawed and used to test for the presence of SMV by ELISA (16). 
SMV detection. Sap samples were tested for the presence of SMV using a commercial 
double antibody sandwich ELISA kit following the protocol recommended by Agdia (Agdia, Inc., 
Elkhart, IN). Incubation periods and temperatures for ELISA steps were: overnight at 4°C for coating 
antibodies, overnight at 4°C for samples, 2 h at room temperature for enzyme-linked antibody 
conjugates, and 30 min for p-nitrophenylphosphate tablet hydrolysis. Absorbance was read at 405 nm 
using a Bio-tek EL 800 96-well plate reader. Each sub-sample, as well as positive and negative 
controls of SMV (Agdia, Inc., Elkhart, IN), were repeated in duplicate wells. A sub-sample was 
considered positive if the average absorbance value was equal to or greater than twice the value of the 
mean of the negative controls (23). About 5% of the sub-samples were arbitrarily selected and re-
tested to confirm the results.    
SMV assessment. The prevalence (%) at the county (or field) level was defined as number of 
counties (or fields) in which SMV was detected divided by total number of counties (or fields) tested 
× 100 (15). The incidence (%) of SMV at the county and field scales was defined as number of sub-
samples testing positive for SMV, divided by total number of sub-samples tested from a field or 
county × 100 (15). Relationships between SMV prevalence and incidence at the end of each growing 
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season were examined by plotting prevalence data (X) with respect to mean incidence data (Y) for 
counties that tested SMV positive (Sigma Plot 10; SPSS INC, Chicago, IL). The proportion of the 
variation in incidence at the county scale that was explained by prevalence at the county scale (R2) 
was determined by linear regression if the F-statistics for the overall model was P≤0.05 (Statistical 
Analysis System 9.01, SAS Institute, Gary, NC). Model fit was evaluated by determining the standard 
error of the estimate for y (SEEy), and by evaluating residual plots (14, 16).  
Temporal analysis. Cumulative SMV prevalence (%) and incidence (%) data were each 
plotted with respect to the day of year to illustrate the pathogen progress over time within each 
growing season. To choose the population growth model that best gives a linear relationship between 
cumulative prevalence and cumulative incidence with time, the goodness-of-fit for each model was 
determined by the F-statistic (P≤0.05) for the overall model, the coefficient of determination (R2), the 
standard error of the estimate for y (SEEy), and a visual inspection of the residual plots for each 
model (14, 16). 
Spatial analysis. The prevalence and incidence of SMV at the county and field scales were 
mapped using geographic information systems software (ArcGIS, ESRI, Redlands, CA). In addition, 
the prevalence and incidence data in June, July, August and September, as well as cumulative 
prevalence and cumulative incidence by each of the four months in each year were mapped using 
ArcGIS to illustrate the pathogen progress in space and time during each growing season. Moran’s 
Index, a weighted correlation coefficient that ranges from -1 to 1, was used to detect departures from 
spatial randomness based on a neighborhood structure. Positive value of Moran’s Index means the 
nearby areas have similar rates, indicating spatial clustering. The prevalence data at the end of each 
growing season were used to test for the presence of spatial dependence among counties that tested 
positive for SMV. The incidence data at the end of each growing season were used to test for the 
presence of spatial dependence among counties that had similar SMV incidence. 
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Association analysis. The association between the presence or absence of soybean aphid and 
SMV at the field scale was tested by using two-way Chi-square analysis. The association was 
considered significant when P≤0.05.  
 
Results 
Overall prevalence and incidence. Soybean mosaic virus was first detected in Iowa soybean 
fields on 7 June in 2005 and 2006, and on 12 June in 2007. After combining soybean plant samples 
collected by ISU Extension Field Agronomists and NASS, SMV was detected in 43 of 918 soybean 
fields sampled and tested in 2005 (4.7%, prevalence), while 103 subsamples out of 4,590 (2.2%, 
incidence) tested positive for SMV. In 2006, 37 of 1058 soybean fields tested positive for SMV 
(3.5%, prevalence), with 79 subsamples out of 5,290 (1.5%, incidence) testing positive for SMV. In 
2007, SMV prevalence and incidence increased nearly six-to-eight-fold, with 310 of 1073 soybean 
fields (28.9%, prevalence) testing positive for SMV, and 794 subsamples out of 5,365 (14.8%, 
incidence) testing positive for SMV (Table 1). 
Cumulative SMV prevalence at the field scale versus day of year curves were very similar in 
shape for 2005 and 2006, but very different in 2007, which had a significantly higher slope (Figure 
1A), indicating that the prevalence of fields testing positive increased at a faster rate with respect to 
time in 2007 compared to the 2005 and 2006 growing seasons.  Cumulative SMV prevalence with 
respect to time curves were best fit by the linear model (p<0.0001), with time (day of year) explaining 
94%, 95%, and 95% of the variation in cumulative SMV prevalence for 2005, 2006, and 2007, 
respectively (R2 values). The SEEy values were quite low (0.32, 0.23, and 1.83, respectively), which 
also indicate that the linear model was a very good to fit for these data. The slopes (change in virus 
prevalence versus the change in time) were 0.042, 0.038, and 0.371 for 2005, 2006 and 2007 
respectively, indicating that cumulative SMV prevalence increased 0.042%, 0.038% and 0.371% per 
day during each respective growing season. The slope for 2007 (0.37) indicates that cumulative 
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prevalence (disease risk) for SMV-diseased fields was approximately ten times higher compared to 
2005 and 2006.  
Cumulative SMV incidence at the field scale versus day of year curves were also plotted for 
each year (Figure 1B). These three curves were again best fit by the linear model (p<0.0001), with 
day of year explaining 95%, 93%, and 95% of the variation in cumulative SMV incidence (R2) for 
2005, 2006, and 2007, respectively. The SEEy values for the linear model were 0.15, 0.12, and 1.12, 
respectively, again indicating a very good fit to the data. The slopes (change in cumulative SMV 
incidence versus the change in time) were 0.022, 0.016, and 0.189 for 2005, 2006, and 2007 
respectively, indicating that the cumulative SMV increased 0.022%, 0.016%, and 0.189% per day 
during each respective growing season. Although rates of SMV cumulative incidence were very 
similar for 2005 and 2006, the rate of cumulative SMV incidence was 8.6 (2005) and 11.8 (2006) 
times faster in 2007. 
Prevalence and incidence at the county scale. By coupling SMV ELISA test results with 
the field GPS data and GIS software, SMV prevalence for each individual month (June, July, August, 
and September), as well as month-by-month cumulative SMV prevalence were mapped at the county 
scale for the growing seasons 2005, 2006, and 2007 (Figures 2-4). In 2005, the largest increase in new 
SMV-positive counties occurred in August (11 new counties out of all 31 positive counties for SMV) 
and September (10 out of 31), compared to the number of new positive counties in June and July. In 
2006 and 2007, the highest change in new counties testing positive for SMV occurred in July (15 out 
of 27, and 56 out of 89 new counties testing positive, respectively), compared with the other three 
survey months. The cumulative prevalence at the county scale increased each month in all three years. 
The only exception was that no new counties were detected for SMV in September in 2007, which 
might be due to limited number of soybean fields sampled and tested for SMV in that month. 
By the end of the 2005 growing season, SMV was present in 31 out of 96 counties (32.3%) 
that were sampled and tested for SMV. The incidence of SMV in the positive counties ranged from 
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1.4 to 23.1% (Figure 5A). In 2006, 27 out of all 99 Iowa counties (27.3%) tested positive for SMV, 
and the incidence of SMV within counties testing positive for SMV ranged from 1.5 to 13.3% (Figure 
5B). In 2007, the presence of SMV increased to 89 out of Iowa’s 99 counties (89.9%), with the 
incidence of SMV within SMV-positive counties ranging from 1.7 to 46.0% (Figure 5C). 
There was a significant linear relationship (P<0.0001) between SMV final prevalence (X) and 
SMV final incidence (Y) at the county scale in 2005, with SMV prevalence explaining (R2) 69% of 
the variation in SMV incidence (Figure 6A). In 2006, there was also a significant linear relationship 
(P=0.007) between SMV prevalence (X) and incidence (Y) at the county scale; however, in 2006, 
SMV prevalence explained just 26% (R2) of the variation in SMV incidence (Figure 6B). There was 
also a significant linear relationship (P<0.0001) in 2007 between SMV prevalence and incidence, 
with SMV prevalence explaining 52% (R2) of the variation in SMV incidence at the county scale 
(Figure 6C). Thus, for all three year of the disease survey, the higher the percentage of fields with 
SMV in a county, the higher the mean incidence of SMV within that county. 
Spatial dependence. The spatial dependence of counties that tested positive for SMV at the 
end of the growing season exhibited significant spatial dependence (clustering) in 2005 (P≤0.01). 
However, spatial dependence was not detected in 2006 or in 2007 (P>0.1) among counties testing 
positive for SMV, indicating a random pattern of counties testing positive for SMV (Table 2A) was 
present in 2006 and 2007. For all three years, however, the incidence of SMV within Iowa counties 
was clustered (P<0.01), albeit the spatial dependence was very weak in all three years (Table 2B). 
Association between soybean aphid and SMV. There was strong evidence for the existence 
of an association between the presence/absence of SMV and presence/absence of soybean aphid at the 
field scale in 2005 (P<0.005). However, there was no significant association between 
presence/absence of SMV and presence/absence of soybean aphid (P>0.05) for both 2006 and 2007. 
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Discussion 
Although the soybean aphid was detected in every Iowa county in 2005 and 2006 based upon 
data obtained as part of the Iowa Soybean Disease Survey, the risk of SMV prevalence and incidence 
at the county scale remained very low in 2005 and 2006, indicating that the mere presence of the 
soybean aphid during these growing seasons had little impact on SMV disease risk. This agrees with 
the results from a previous study that reported that the colonizing form of the soybean aphid had little 
impact on the spread of SMV in Iowa (17). The acquisition and transmission efficiencies of the 
soybean aphid to successfully disseminate SMV to healthy soybean plants within soybean fields may 
have been severely restricted by the feeding behavior of this colonizing aphid species (1). Colonizing 
species, such as the soybean aphid, tend not to migrate to other plants when aphid population 
densities are low. Thus, although acquisition efficiencies may not have been adversely affected by 
lack of migration from aphids feeding on SMV-infected soybean plants, transmission efficiencies 
would have been greatly reduced if soybean aphids remained mostly stationary and continued to feed 
only on the same SMV-infected plant that the aphid had acquired SMV from (24). On the other hand, 
if colonizing aphids remain stationary and continue to feed only on a non SMV-infected plant, then 
both acquisition efficiency and transmission efficiency would be greatly reduced, thereby greatly 
limiting SMV transmission and dissemination to other soybean plants within a field. 
The end-of-season prevalence and incidence of SMV at the field scale in Iowa soybean fields 
was approximately 7 to 8 times higher in the 2007 growing season compared to the 2005 and 2006 
growing season. Although there was still no statistical association (P>0.05) between the 
presence/absence of the soybean aphid and the presence/absence of SMV in the same soybean fields, 
the increased population densities of the soybean aphid probably had an impact on the higher disease 
intensities in 2007. It is well-known that crowding of adult apterae (wingless) and stressed host plants 
can induce the reproduction of greater numbers of alate (winged) aphids (13), which in turn will 
greatly increase alloinfection (25). Thus, the higher the number of alate individuals that are produced 
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per plant, higher the acquisition and transmission efficiencies will be, leading to greater plant-to-plant 
spread. In 2005, the peak number of alate soybean aphids collected in four suction traps in Iowa was 
about 500 per trap per week, while in 2006, this number did not exceed 100 alate individuals (19). In 
2007, however, the peak number of alate soybean aphids collected per trap per week was as high as 
1,500, which occurred during late July to early August (Matthew O’Neal, personal communication). 
Pathogen progress curves in 2007 (Figure 1) for both SMV prevalence and incidence in Iowa soybean 
fields exhibited the fastest temporal increase from 20 July to 8 August (day of 211 to 220), which 
coincides with the same time period when the alate populations were most abundant. These data 
suggest that alate soybean aphids play a much greater role in the epidemiology and dissemination of 
SMV in Iowa soybean fields. Thus, when the population densities of soybean aphid (aphids per plant) 
are below a certain threshold, the colonizing apterous form of the soybean aphid has little impact on 
the plant-to-plant dissemination of SMV.  
In addition to the soybean aphid, there are more than 30 species of non-colonizing aphids that 
are known to vector of SMV. Thus, it cannot be assumed that the higher SMV prevalence and 
incidence levels in Iowa in 2007 were solely due to alate form of the soybean aphid. Prior to the 
introduction of the soybean aphid in Iowa (2000), Nutter et al reported logistic rates of SMV plant-to-
plant spread (presumably by non-colonizing aphid species), as high as 0.128 logits per day (16). This 
would translate into a doubling time for within-field spread of 5.4 days in 1993, which was seven 
years before the soybean aphid was first reported in Iowa. Future research should focus on the relative 
importance both population dynamics of soybean aphid and the population dynamics of the non-
colonizing species of aphids on the rate of change in the prevalence and incidence of SMV in Iowa 
soybean fields. 
The seasonal pattern of SMV prevalence among soybean fields in Iowa clearly showed that 
the prevalence of SMV was lowest in June, indicating that initial inoculum (primarily from SMV-
infected seed), was limiting disease development and/or that the population densities of the soybean 
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aphid were also limiting disease spread in June, resulting in very low levels of SMV incidence within 
soybean fields early in the growing season (June). The theoretical detection threshold is 
approximately 3.3% (one infected plant out of 30) for our study. However, as evidenced by the higher 
prevalence of SMV in July, and even higher prevalence in August, more and more soybean fields that 
we sampled and tested for SMV must have exceeded our SMV detection threshold, due to greater 
plant-to-plant spread in July and August by aphids. This is the first well-documented study depicting 
the seasonal pattern of the change in SMV prevalence during the growing season in Iowa, which has 
important implications as to (i) when soybean fields should be sampled and tested for the presence of 
SMV, (ii) when to conduct disease surveys, and (iii) when to sample and test (evaluate) breeding 
lines/cultivars for resistance to SMV. 
We are the first to show a quantitative relationship between SMV prevalence (%) at the 
county scale (number of fields testing positive for SMV, divided by the total number of fields 
sampled and tested in a county ×100), and the mean incidence (%) of SMV at the county scale 
(number of subsamples testing positive for SMV, divided by the total number of subsamples tested in 
a county ×100). In all three years, there was a linear relationship between prevalence (%) and 
incidence (%), with prevalence explaining 69, 26, and 52% of the variation in county-level incidence 
for 2005, 2006, and 2007, respectively. This simply means that the higher the percentage of fields that 
tested positive for SMV in a county, the higher the average SMV incidence within that county. The 
presence of many SMV-infected soybean fields within a county may indicate the presence of a large 
amount of SMV inoculum and that inoculum was also fairly-well distributed among soybean fields 
(i.e., an area source of initial inoculum that could be related to the date of arrival and population 
densities of SMV aphid vectors). Although other studies have reported similar relationships between 
disease incidence and disease severity (3, 12, 22), this is the first study to show a quantitative 
relationship between the prevalence of a plant virus among fields, and the incidence of a plant virus 
within fields at the county scale.  
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The presence of weak spatial dependence for SMV prevalence among counties and SMV 
incidence within counties indicates that the risk for SMV prevalence and incidence at the county scale 
is not random within Iowa. This indicates the presence of underlying biotic and/or abiotic risk factors 
for SMV that might occur within Iowa and counties with relatively higher levels of SMV prevalence 
and incidence tend to have a neighborhood structure of being adjacent to other counties that also have 
higher levels of SMV prevalence and incidence. This would further support our hypothesis of the 
presence of an area-wide source of initial inoculum and/or the area-wide occurrence of SMV vectors 
as key risk factors. Conversely, counties that had relatively lower levels of SMV incidence tend to 
also be neighbored by other counties that had relatively low levels of SMV prevalence and incidence, 
indicating a lack of an area-wide source of initial inoculum and/or virus vectors. Studies to identify 
and evaluate the predictive value of the underlying biotic and abiotic risk factors need to be 
conducted, which may lead to the development of more effective SMV disease management 
programs. 
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Table 1. Overall prevalence and incidence of Soybean mosaic virus (SMV) in the Soybean Disease 
Survey in Iowa during 2005 to 2007. 
Year Sample source 
Number of 
soybean fields 
tested 
Prevalence 
(%) 
Incidence 
(%) 
ISU Extension Field 
Agronomists a 818 5.1 2.5 
NASS b 100 1.0 0.4 
2005 
Combined 918 4.7 2.2 
ISU Extension Field 
Agronomists 895 3.4 1.5 
NASS  163 4.3 1.2 
2006 
Combined 1058 3.5 1.5 
ISU Extension Field 
Agronomists 897 28.3 14.8 
NASS  176 31.8 14.6 
2007 
Combined 1073 28.9 14.8 
 
a
 Iowa State University Extension Field Agronomists collected 30 soybean plants from 3-5 
soybean fields per county at four different soybean growth periods (V2-V3, R1-R2, R4-R5, and 
R6-R7) to test for the presence (prevalence) and incidence of SMV in Iowa for each growing 
season. 
b
 The United States Department of Agriculture (USDA) - National Agricultural Statistics Service 
(NASS) branch in Des Moines, IA, collected 30 soybean plants from 100 to 200 randomly 
selected soybean fields from late July to mid-August each growing season to test for the presence 
(prevalence) and incidence of SMV in Iowa. 
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Table 2. Test for the spatial dependence of Soybean mosaic virus (SMV) in Iowa counties using 
Moran’ Index for A, Spatial dependence of counties that were positive for SMV in 2005, 2006, and 
2007, and B, Spatial dependence of Iowa counties based on the incidence of SMV in 2005, 2006 and 
2007. 
A 
Year Z score P Pattern Moran's I 
2005 5.16 <0.01 Clustered 0.27 
2006 0.82 >0.1 Random 0.04 
2007 0.96 >0.1 Random 0.05 
 
B 
Year Z score P Pattern Moran's I 
2005 5.25 <0.01 Clustered 0.28 
2006 3.47 <0.01 Clustered 0.21 
2007 3.97 <0.01 Clustered 0.25 
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Fig. 1. A, Pathogen (SMV) progress curves depicting the cumulative prevalence of Soybean mosaic 
virus (SMV) versus day of year in 2005, 2006 and 2007, and B, Pathogen progress curves depicting 
the cumulative incidence of SMV versus day of year in 2005, 2006 and 2007.  
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Fig. 2. The prevalence of Soybean mosaic virus tested in each month (June, July, August, and 
September), and the cumulative prevalence from month-to-month in Iowa counties during the 2005 
growing season. 
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Fig. 3. The prevalence of Soybean mosaic virus tested in each month (June, July, August, and 
September), and the cumulative prevalence from month-to-month in Iowa counties during the 2006 
growing season. 
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Fig. 4. The prevalence of Soybean mosaic virus tested in each month (June, July, August, and 
September), and the cumulative prevalence from month-to-month in Iowa counties during the 2007 
growing season. 
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Fig. 5. The end-of-season cumulative incidence (%) of Soybean mosaic virus in Iowa counties in A, 
2005, B, 2006, and C, 2007. 
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Fig. 6. Relationships between Soybean mosaic virus (SMV) prevalence (%) in each Iowa county (X) 
versus corresponding SMV incidence (%) within that county (Y) in A, 2005, B, 2006, and C, 2007. 
40 
CHAPTER 3. BIOLOGICAL AND EPIDEMIOLOGICAL STUDIES OF THE 
DIAPORTHE/PHOMOPSIS COMPLEX IN SOYBEAN FIELDS IN IOWA 
 
A manuscript prepared for submission to Plant Disease 
 
Abstract 
Members of Diaporthe/Phomopsis complex cause several late season diseases of soybean, 
including northern stem canker (Diaporthe phaseolorum var. caulivora, DPC) and southern stem 
canker (Diaporthe phaseolorum var. meridionalis, DPM). Southern stem canker has not been reported 
in Iowa, however the disease was found in neighboring Wisconsin (2003). Since agronomists in Iowa 
have reported an increase in the prevalence of stem canker over the past few years, one objective of 
this study was to determine if DPM is present in Iowa soybean fields. As part of the Iowa Soybean 
Disease Survey, soybean plants with stem canker symptoms were collected and isolates with 
Diaporthe/Phomopsis characteristics were obtained from these samples. During the 2005 growing 
season, 62 isolates were isolated from plant samples that exhibited stem canker symptoms. 
Amplification of the fungal internal transcribed spacer (ITS) region followed by digestion with the 
restriction enzyme AluI was used to identify isolates to variety, and 14 of the 62 isolates were 
identified as DPC, and the remaining 48 isolates were Phomopsis. No DPM isolates were identified 
from the 62 isolates. To quantify and compare isolate aggressiveness, nine of the isolates representing 
four different geographic areas in Iowa were arbitrarily selected for components analysis. Soybean 
cultivar “S35” was inoculated with each isolate at growth stage V2-V3 by inserting a single DPC-
infested toothpick below the first trifoliate node. Each replication consisted of three 10-cm pots, each 
containing four plants. The entire experiment was conducted twice using the same controlled 
environmental conditions. Components of aggressiveness (incubation period, rate of lesion expansion, 
final lesion length, and time to death) for each isolate and for isolates from the same geographic area 
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were analyzed using analysis of variance (ANOVA), and mean separations were performed using the 
Waller-Duncan K-ratio test (P=0.05). There were significant differences among the nine isolates and 
among the isolates grouped from different geographic areas for each of the aggressiveness 
components. Stem canker disease was not observed in the 2006 and 2007 growing season of this 
survey (approximately 1,000 soybean fields sampled per season).  
 
Introduction 
Infection of soybean (Glycine max (L.) Merr.) by the Diaporthe/Phomopsis complex results 
in several diseases of soybean. Diaporthe phaseolorum var. caulivora (DPC) causes northern stem 
canker, D. phaseolorum var. meridionalis (DPM) causes southern stem canker, D. phaseolorum var. 
sojae (DPS, anamorph Phomopsis phaseoli) causes pod and stem blight, and Phomopsis longicolla 
(PL) is the primary causal agent of seed decay (25). Each of these diseases generally occurs late in the 
growing season and each can dramatically reduce soybean yield and seed quality (29). Overall, the 
Diaporthe/Phomopsis complex is thought to cause greater yield losses in soybean than any other 
single fungal disease (29). 
Northern stem canker was first reported in Iowa in the 1940’s (3, 28), and during the 1950’s, 
it caused severe yield losses of up to 50%, as a result of farmers planting highly susceptible cultivars 
(1). Sunken, dark-brown cankers that occur on the lower nodes are characteristic symptoms of this 
disease (5). The cankers eventually girdle the stem, leading to wilting and death of infected plants (5). 
  Southern stem canker stem symptoms are similar to northern stem canker, but southern stem 
cankers rarely girdle the stem (5). In addition, soybean plants infected by the pathogen causing 
southern stem canker exhibit distinctive foliar symptoms, namely interveinal chlorosis and/or necrosis 
occur, leading to eventual death of the leaves (5). This variation in disease symptoms and 
pathogenesis was first reported in the southern U. S. in 1973 (10), and by 1984, southern stem canker 
had been detected in all southern U.S. states (21). The pathogen was identified as a different variety 
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of the same species that causes northern stem canker, based upon fairly distinct differences in 
pathogenesis and culture morphology (12, 18, 19, 20). Yield losses of up to 80% have been reported 
when weather conditions favorable for southern stem canker disease development (15). Southern stem 
canker has never been reported in Iowa and it was previously believed that there was no overlap in 
the geographical range of northern and southern stem canker in the U.S. and elsewhere (5), however, 
within the last 7 years, the coexistence of both causal organisms has been reported in U. S. (Illinois 
and Wisconsin) (6, 17), and in Argentina (23).   
In recent years, an increase in the prevalence and incidence of stem canker in Iowa soybean 
fields has been reported by agronomists. The reasons for this are currently unknown, but several 
hypotheses have been proposed. These include: (i) southern stem canker (DPM) occurs in Iowa and 
has been misdiagnosed as northern stem canker, (ii) a change in pathogen aggressiveness may have 
increased parasitic fitness among DPC isolates, (iii) a change in environmental conditions during the 
last decade may have increased pathogen survival from season-to-season, and/or an increased rate of 
disease development with respect to time, (iv) a change in virulence in the Diaporthe pathogen 
population that may have resulted in more soybean cultivars being susceptible, (v) increased 
prevalence of soybean viruses that enhance susceptibility of soybean to Diaporthe spp. infection, and 
(vi) breeding for high yield potential may have resulted in decreased resistance to DPC. 
If DPM is present in Iowa, there is a potential threat for the coexistence of both pathogen 
varieties in the same soybean field. The coexistence of both DPC and DPM may substantially 
increase the genetic diversity of these pathogens (24) and could potentially increase disease risk and 
subsequent yield loss. The presence of DPM in Iowa counties also could potentially threaten the 
durability of disease resistance currently being deployed, as it is unknown whether the cultivars that 
are currently and widely grown in the North Central soybean production region would be resistant to 
DPM. Although several northern cultivars showed either moderate susceptibility or resistance to 
southern isolates in seedling tests (9, 18), soybean cultivars resistant to southern stem canker isolates 
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have been reported to be susceptible to northern stem canker isolates (9, 11, 13). To date, the presence 
and geographical distribution of these two pathogen varieties within Iowa soybean fields and counties 
has not been determined and/or mapped. 
Infection of soybean plants with Soybean mosaic virus (SMV) at or before growth stage R2 
increases susceptibility to Phomopsis seed infection (14).  Since SMV has been reported in Iowa, this 
raises the question as to whether SMV infection also increases the susceptibility of soybean plants to 
D. phaseolorum infection, and thus contributes to the perceived increased prevalence of stem canker 
in Iowa. 
Traditionally, morphological characteristics and symptoms on soybean have been used to 
differentiate D. phaseolorum varieties from one-another, as well as from DPS. However, 
morphological characteristics of this species are often too variable to establish reliable taxonomic 
classification criteria (32). Moreover, symptoms associated with disease development can be easily 
confused with one another. Molecular tools have been developed to differentiate varieties within the 
Diaporthe/Phomopsis complex, providing faster, more accurate and reliable classifications (32). The 
three D. phaseolorum varieties have unique fragments of 605 bp when ITS regions are amplified with 
primers ITS4 and ITS5 (31). Digestion of the 605 bp amplicon with the restriction enzyme AluI has 
enabled researchers to obtain unique fragment patterns, and differentiate varieties (32).  
A state-wide soybean disease survey (Iowa Soybean Disease Survey) was undertaken in Iowa 
during the 2005 to 2007 growing seasons. Soybean plants were collected from nearly every Iowa 
county at different soybean growth stages (V2-V3, R1-R2, R4-R5, and R6-R7) over the course of 
each growing season. Survey data provide a unique opportunity to quantify and map the prevalence of 
stem canker and its causal agents over a three-year period, and examine the relationship, if any, 
between the presence/absence of SMV in each county and soybean field where stem canker was 
assessed. The objectives of this study were to: (i) determine if the causal agent of southern stem 
canker (DPM) is present in Iowa soybean fields, (ii) map the geographic distribution of stem canker 
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and its causal agent and compare it with the distribution of SMV, and (iii) quantify and compare the 
aggressiveness of selected DPC isolates obtained from different areas of Iowa.  
 
Materials and methods 
Sampling. In the Iowa Soybean Disease Survey from 2005 to 2007, three to five soybean 
fields per county in Iowa were sampled at growth stages V2-V3, R1-R2, R4-R5, and R6-R7 each 
year. Soybean fields for sampling were arbitrarily selected by Iowa State University Extension Field 
Agronomists (approximately 800 soybean fields per season). A systematic sampling design was used 
to select and collect 30 soybean plants per soybean field. Additional soybean fields, that were 
arbitrarily selected by the United States Department of Agriculture - National Agricultural Statistics 
Service (USDA-NASS), were also sampled from July to August (approximately 200 soybean fields 
per season). In these fields, a completely random sample design was used to collect 30 plants in each 
field. Plant stems with symptoms typical of those associated with stem canker obtained from field 
samples were removed and stored at 4°C until isolation of the causal organism was attempted. Since 
Phomopsis spp. were also isolated from stem canker-like symptoms, we also collected plant tissues 
exhibiting symptoms typical of pod and stem blight, in order to ascertain if there were any 
morphological and/or molecular differences between Phomopsis isolates obtained from the two types 
of disease symptoms. Ancillary data provided as part of the soybean disease survey included the 
geographic location (GPS coordinates and township) of soybean fields that were sampled. 
Isolation and purification the causal organisms. Stems were cut into 2-cm long sections, 
surface disinfested in 10% sodium hypochlorite for 3 min, and then rinsed 3 times in sterile distilled 
water. Stem sections were then cut into 5-mm long pieces and placed onto acidified potato dextrose 
agar (APDA, pH = 4.5) amended with 0.2% lactic acid (6). Cultures were incubated in darkness at 
room temperature (21°C) for one week and fungal colonies that in appearance were typical of 
Diaporthe or Phomopsis spp. were transferred onto fresh potato dextrose agar (PDA), and incubated 
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for 7 to 10 days under the same conditions as previously described. Cultures then were placed under 
continuous light at room temperature for 20 to 30 days to induce the production of fungal fruiting 
bodies and spores.  
Each putative isolate of Diaporthe or Phomopsis spp. was purified using a single spore 
method. Briefly, a 200 µl sterile pipette tip was used to transfer a pycnidium or perithecium to 1 ml of 
sterile distilled water (SDW). The spore suspension was mixed thoroughly for 30 sec and then 50 µl 
was transferred to 950 µl of SDW. This step was repeated once and 50 µl of the final suspension (2.5 
× 10-3 dilution) was uniformly spread on a 9-cm Petri plate containing PDA using a sterile glass 
spreader. Single spore cultures were incubated in the darkness at room temperature, and after 3 to 5 
days, single spore cultures were transferred to fresh PDA and allowed to grow. Based on cultural 
characteristics, purified, full-grown cultures were identified as either Diaporthe spp. or Phomopsis 
spp., and then stored at 4°C for future tests.  
PCR amplification and enzymatic digestion. The ITS region of the nuclear rDNA from 
each purified isolate that had been preliminarily identified as Diaporthe or Phomopsis, was amplified 
using ITS4 and ITS5 primers (31). The protocol used was one that was modified from a previously 
described protocol (32). Template DNA was obtained by scraping the young colony (7 days after 
transferred to fresh PDA) of the isolation lightly with a pipette tip (8), neglecting the step involving 
the extraction of fungal DNA. All PCRs were performed using a Mastercycler® gradient thermal 
cycler (Eppendorf, Germany) with a reaction mix of 2.5 mM MgCl2, 1×Coloress GoTaq® Flexi 
Buffer, 0.2 mM PCR nucleotide mix, 50 pmol of primers, and 2.5 units of GoTaq® DNA polymerase 
(Promega Corp., Madison, WI) in a final volume of 50 µl. Reactions were run for 1 cycle at 96°C for 
3 min and 32 cycles each at 94°C for 1 min, 55°C for 1 min, and 72°C for 2 min. Amplification 
efficiency was checked by agarose gel electrophoresis using 5 µl of PCR product. 
The PCR products of the ITS regions were digested with the restriction enzyme AluI, 
according to the manufacture’s protocol (Promega Corp., Madison, WI). Briefly, 2 µl of PCR product 
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was digested in a mixture of 2 µl of buffer (10×), 0.2 µl of Acetylated BSA, 0.5 µl of enzyme (10 
u/µl), and 15.3 µl of SDW for 3 hours at 37°C. Digested products were size-fractionated on 1.5% 
agarose at 3.5 V / cm and stained with SYBR safe DNA gel stain (Invitrogen Corp., Carlsbad, CA) to 
enable visualization. A 100-bp double-stranded DNA ladder (Invitrogen Corp., Carlsbad, CA) was 
used as a size marker. 
Sequencing. Thirty isolates of DPC and Phomopsis spp. were randomly selected for 
sequencing of the ITS region. The PCR products were purified with QIAquick® PCR Purification Kit 
(Qiagen Inc., Chatsworth, CA). The purified DNA was sequenced on an Applied Biosystems 3730xl 
DNA Analyzer (Applied Biosystems Division, Perkin-Elmer, Emeryville, CA) using a four-color dye 
system performed by the Iowa State University DNA Facility. Sequences were checked between 
complementary strands for reading errors using Sequence Navigator (Applied Biosystems Division, 
Perkin Elmer, Foster City, CA), and multiple aligned using PAUP*4.0 (Sinauer Associates, Inc., 
Sunderland, MA ).  
Mapping. An Iowa county was considered positive for stem canker if any plant with stem 
canker symptoms was collected from that county. A county was considered positive for a specific 
variety of D. phaseolorum if that variety was isolated from stem canker symptomatic plant tissues 
collected from that county. The prevalence (with or without disease) of stem canker and isolate 
varieties were mapped at the county scale using geographic information systems (GIS) software, 
ArcGIS (ESRI, Redlands, CA). 
Association between stem canker and SMV.  The associations between the 
presence/absence of stem canker and the presence/absence of SMV at the county and field scale were 
tested by using two-way Chi-square analyses. The association was considered significant when 
P<0.05.  
Components of aggressiveness. Nine isolates of DPC were arbitrarily selected to quantify 
and compare pathogen aggressiveness. Isolate 1 was collected from Plymouth county which located 
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in northwest Iowa. Isolates 2 and 3 were collected from Monroe and Lee counties, respectively 
located in southeast Iowa. Isolates 4 was collected from Montgomery county, and 5 was from Mills 
county, both located in southwest Iowa. From northeast Iowa, isolates 6, 7, 8, and 9 were collected 
from Dubuque, Delaware, Clayton, and Winneshiek counties, respectively. Isolates 1, 2, 3, 4, 5, and 8 
were all isolated from soybean plants exhibiting stem canker symptoms, while isolates 6, 7, and 9 
were all isolated from soybean plants exhibiting pod and stem blight symptoms.  
Soybean cultivar “S35” (Syngenta Seeds, Inc., Golden Valley, MN) plants were inoculated 
with one of nine isolates of DPC. Therefore, there were 9 treatments and each treatment was 
replicated three times. Each replication consisted of three, 10-cm pots, with 4 plants in each pot. 
Assessments for components of aggressiveness for the four plants in each pot were recorded and the 
mean value for the four plants within each pot was considered a replication. Soybeans were planted in 
a greenhouse with temperatures ranging from 23 to 27°C. At least one day before inoculation, 
soybean plants were moved to a growth chamber set at 23°C, with alternating 12-hr periods of dark 
and light and a relative humidity of approximately 50%. Plants were inoculated by inserting a single 
DPC-infested toothpick below the first trifoliate node at the V2-V3 growth stage (10). To get an 
estimate of the mechanical damage caused by toothpicks on the stem, three plants were wounded in 
the same manner using autoclaved toothpicks. 
Four components of aggressiveness were measured to compare isolates. Incubation period (h) 
was defined as the time from inoculation to the time when lesion length was ≥ 5 mm. The rate of 
lesion expansion was defined as the slope of the regression line relating lesion length (mm) to time 
after inoculation (h). Lesion length was measured at 24 h for the first two days and then every 12 h 
from the third day after inoculation. Measurements continued until plant death. Final lesion length 
(mm) was defined as the length of lesion along the stem at the final measurement time just prior to 
plant death. Time to death (h) was defined as the time from inoculation to the time when no green leaf 
tissue was present. The entire experiment was repeated once. 
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To quantify temporal disease progress (the change in lesion expansion versus time after 
inoculation), the average lesion lengths for each isolate at each measurement time were divided by 
final lesion length for the corresponding isolate. These values were plotted with respect to time after 
inoculation for each of the nine isolates (Sigma Plot 10; SPSS Inc., Chicago, IL) and then transformed 
using linearized models (exponential, monomolecular, logistic, and Gompertz) (22). The criteria used 
to select the best linear model to quantify rates of lesion expansion were: the F-statistic for the overall 
model (P=0.05), the coefficient of determination (R2), the standard error of the estimate of y (SEEy), 
and the visual inspection of residual plots (27). The slope of the regression line for each transformed 
linear model was considered to be the rate of lesion expansion for that isolate.  
Components of aggressiveness (incubation period, the rate of lesion expansion, final lesion 
length, and time to death) for each isolate and for isolates from the same geographic area were 
analyzed using analysis of variance (ANOVA) and mean separations were performed using the 
Waller-Duncan K-ratio test (P=0.05; Statistical Analysis System 9.1, SAS Institute, Gary, NC).  
 
Results 
Isolation and identification. During the 2005 growing season, 62 plants with stem canker 
symptoms were collected from 31 fields representing 25 Iowa counties sampled as part of the Iowa 
Soybean Disease Survey (Robertson and Nutter, unpublished). Stem canker symptoms were first 
observed in late July in 2005 when the plants were in the R3 growth stage. An additional 33 plants 
with pod and stem blight symptoms (growth stage R7-8) also were collected from 27 fields 
representing 22 Iowa counties. No stem canker was observed either in the disease survey or reported 
in commercial soybean fields during the 2006 and 2007 growing seasons. 
Base on the absence/presence of large irregular black stroma on the underside of the aged 
culture, 23 and 72 isolates were preliminarily identified as Diaporthe spp. and Phomopsis spp., 
respectively. Enzymatic digests of the amplified ITS region of each isolate identified that 19 of the 23 
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isolates were D. phaseolorum var. caulivora. These isolates were isolated from 14 of the 62 plants 
exhibiting stem canker symptoms, and from 5 of the 33 plants showing pod and stem blight 
symptoms. From the remaining 76 symptomatic plants sampled (48 with stem canker symptoms and 
28 with pod and stem blight symptoms), Phomopsis spp. were isolated in each case. Diaporthe 
phaseolorum var. meridionalis, the causal organism of southern stem canker, was not isolated from 
any of the symptomatic soybean plant samples collected. 
Sequencing. The sequence data of thirteen of the DPC isolates and 17 of the Phomopsis spp. 
isolates, as identified by Alu1 digests of the amplified ITS region, were compared with known 
sequences in the NCBI nucleotide database. The ITS sequence data confirmed the enzyme digestion 
results and identified the Phomopsis spp as P. longicolla.  No nucleotide differences were observed in 
the ITS sequences of DPC isolates that were isolated from plants with stem canker or from pod and 
stem blight symptomatic soybean plants. Similarly, no nucleotide differences were observed in P. 
longicolla isolates isolated from plants exhibiting either stem canker or pod and stem blight 
symptoms. 
Stem canker and pathogen prevalence at the county scale. The prevalence of northern 
stem canker in Iowa soybean fields at the end of the 2005 growing season was mapped at the county 
scale (Figure 1). Of the 96 counties sampled in 2005, soybean plants with stem canker were observed 
in 25 counties (26.0%). From those plants with stem canker symptoms, DPC was isolated from 14 
plants collected from 7 Iowa counties, and DPS was isolated from 48 plants collected from 21 Iowa 
counties. There were 3 counties from which both varieties were isolated (Figure 2). 
Association between stem canker and SMV. In the 2005 growing season, there was strong 
evidence for the existence of a relationship between stem canker and SMV prevalence at the county 
scale (P=0.002). However, there was weak evidence for the relationship at the field scale (P=1.0). 
The coexistence of the stem canker and SMV was found in only one field of over 1,000 soybean 
fields sampled.  
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Components of aggressiveness. Soybean plants inoculated with DPC using the toothpick 
method all resulted in infection and disease symptoms, and DPC was re-isolated from symptomatic 
stem tissues. No DPC or Phomopsis spp, was isolated from controls.  
Incubation period. There was significant difference among the means of incubation period for 
the nine isolates (P<0.0001) (Table 1). The mean incubation period ranged from 60 h to 96 h and the 
nine isolates can be divided into three to four statistically different groups. When the isolates were 
grouped based on geographic area, there was no significant difference among the means of incubation 
period in the first experiment (P=0.2) (Table 2). However, the isolate from northwest area of Iowa 
showed a longer incubation period compared with isolates from other areas in the repeat experiment. 
The rate of lesion expansion. The change in lesion length versus time after inoculation was 
plotted for each isolate. Data were transformed to fit the exponential, monomolecular, logistic, and 
Gompertz population growth models and the changes in lesion length with respect to time (lesion 
expansion) were best fit the logistic model in 11 of the 18 cases (nine isolates × two experiments). 
The other seven of the 18 cases were best fit the exponential model, based upon best of fit model 
criteria. Because these seven cases also fit the logistic model nearly as well as the exponential model, 
the logistic model was chosen to quantify the rate of the lesion expansion for each isolate. The slope 
of the regression line using the logistic model for each isolate was considered to be the rate of lesion 
expansion for each isolate (logits/day). The means of the rate of lesion expansion for the nine isolates 
differed statistically (P<0.0001), and the nine isolates can be divided into four to five groups with 
some overlaps (Table 1). There also was significant difference among the means of the rate of lesion 
expansion for isolates from the four different areas (P=0.002) (Table 2). Isolates collected from 
southwest and northwest had higher mean rate of lesion expansion than isolates collected from 
northeast and southeast.  
Final lesion length. Significant differences among the means of the final lesion lengths 
among the nine isolates (P<0.0001) occurred (Table 1). Isolate 1 showed restricted lesion length 
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compared to other isolates. There were also significant differences for mean final lesion lengths for 
isolates grouped according to the four geographical areas of Iowa (P<0.0001) also were found and the 
isolate collected in northwest Iowa having the shortest final lesion length (Table 2). 
Time to death. The means of the time to death of the nine isolates differed (P<0.0001) (Table 
1). The time to death ranged from 168 h (isolates 5 and 7) to 240 h (isolates 1 and 3) and the nine 
isolates could be divided into three statistically different groups. There was also significant difference 
among the means of the time to death of isolates grouped according to the four different geographical 
areas (P<0.0001) (Table 2). Death of plants occurred more quickly with isolates from the northeast 
and southwest Iowa compared with isolates from the southeast and northwest Iowa. 
Correlating each of the components showed time to death increased and final lesion length 
decreased when incubation period increased (both R2=0.6). Time to death also decreased when rate of 
lesion expansion increased (R2=0.6).  
 
Discussion 
The results of this study contribute to our understanding of the Diaporthe/Phomopsis 
complex on soybeans in Iowa. Although pod and stem blight was common in Iowa in all three years 
of the survey from 2005 to 2007 (Robertson and Nutter, unpublished), northern stem canker 
prevalence was sporadic, occurring only during the 2005 growing season. It is likely stem canker 
resistant soybean cultivars and environmental conditions contributed to the extremely low prevalence 
of northern stem canker in 2005, and the lack of reported occurrences in 2006 and 2007. The northern 
stem canker epidemics of the 1950’s were attributed to the widespread growth of two highly 
susceptible cultivars (Hawkeye and Blackhawk) (1). The economic importance of the disease was 
substantially reduced when Hawkeye and Blackhawk were replaced by resistant cultivars and no 
longer grown (16). High disease intensity that has resulted in severe damage by northern stem canker 
has been reported to occur when cool and extended periods of rainy, wet weather occur during the 
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early vegetative growth stages of soybeans (5). In Iowa, soybeans are planted in late April to early 
May, thus plants are in vegetative growth stages through mid-June. The extremely dry weather that 
occurred during May and early June in 2006 across Iowa might have greatly limited infection by DPC 
and consequent stem canker disease development in 2006. The 2007 growing season was 
characterized by more normal weather thus the lack of stem canker may be attribute to resistance in 
the cultivars grown.   
One of the goals of this study was to determine if DPM was present in Iowa. This variety of 
the pathogen was not detected in Iowa over the course of this three-year study, which encompassed 
nearly every Iowa county in each growing season (approximate 1,000 soybean fields per season).  
Diaporthe phaseolorum var. meridionalis has, however, been reported in the neighboring states of 
Illinois and Wisconsin (6, 17).  Since pathogens in the Diaporthe/Phomopsis complex are all 
seedborne in soybean (26), the most probable source of DPM primary inoculum for this disease 
would be DPM-infected seed. However, the incidence of seed infection by DPM is very low, rarely 
exceeding 1% (5). Furthermore, soybean seed are produced regionally, depending on their maturity 
group, and since there is little movement of commercial seed from a south to north direction, there 
would be less chance of introducing the pathogen northwards. Environmental conditions in the 
Midwest, particularly temperature, also may inhibit infection of the host by DPM and restrict disease 
development. Infection of soybean plants by DPM requires leaf wetness periods of 24-96 h following 
a rain event, and a temperature range of 22-30°C during the period of leaf wetness (5). Severity of 
disease is highest when plants are inoculated at V3 growth stage and is reduced when inoculated 
delayed from V3 to V10 growth stages (2). Such temperatures and prolonged leaf wetness periods 
rarely occur from May to early June in Iowa, thus infection and growth of the DPM pathogen on 
soybeans might be limited in the state.   
It is not uncommon to recover more than one of the causal agents of the 
Diaporthe/Phomopsis complex from lesions typical of any one of the diseases caused, including 
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northern and southern stem canker, pod and stem blight, and seed decay (26). Moreover, P. longicolla 
(PL) is recovered more frequently than DPS, which is in turn recovered in higher frequencies than 
either DPC or DPM (26). Harrington et al. (7) reported PL was the most frequently isolated fungus 
from both discolored and non-discolored mature soybean stems. Phomopsis longicolla was the 
predominant species isolated from disease plants collected at nine locations over 3 years in Ontario, 
Canada (30).  Similarly, PL was the predominant fungus isolated in our studies, even though the 
majority of the soybean plants (62 of 95) from which we did isolations had characteristic symptoms 
of stem canker. We used the single spore procedure to purify isolates, and since the pathogen variety 
that predominant is more likely to be recovered, we may have missed isolating DPC. It is also 
possible that other Diaporthe varieties might have been present in the asymptomatic plant samples 
but were not recovered.  
Differentiating between Diaporthe varieties based on morphological characters including 
color and colony appearance, and size and shape of stromata can be difficult because these 
characteristics tend to be extremely variable amongst isolates within a variety and can even vary 
depending on the substrate on which the isolate is grown (4).  In our study we used AluI digests of the 
amplified ITS region to identify the Diaporthe isolates to variety (32). Sequencing results confirmed 
the results of PCR-RFLP (100% correlation of the 30 isolates arbitrarily selected), and thus validate 
Zhang et al.’s method (32) for the molecular identification of varieties in the Diaporthe/Phomosis 
complex.  
Phomopsis spp. infection and disease development has been shown to increase in the 
presence of SMV infection (14). Since Diaporthe is the teleomorph of Phomopsis, the question was 
asked if SMV infection might increase the risk for stem canker disease development. At the county 
scale, the association of SMV with stem canker was significant, which suggests risk was high for the 
coexistence of the two diseases. However, care must be taken before conclusions regarding the 
interaction of SMV and stem canker can be drawn, for a number of reasons. Plants with stem canker 
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symptoms were collected predominantly at the fourth (September) assessment date, at which time, 
many of the plants had started to mature, and thus the leaves were yellowed and it was difficult to 
extract sap. Furthermore, fields sampled at each assessment date differed during the 2005 season of 
the Iowa Soybean Disease Survey, thus fields in which SMV was detected earlier in the season were 
not re-sampled later in the season. No stem canker was found in the 2006 and 2007 seasons of the 
disease survey. Since the prevalence and incidence of SMV in 2007 were 6 times greater than in 2005 
and 2006, if an interaction does exist between these two diseases, stem canker should have been 
prevalent. These survey data suggest that the risk of SMV interacting with DPC and resulting in 
increased disease severity is very low in Iowa soybean fields, however further work should be done to 
confirm these data. 
Since our study is the first to investigate the components of aggressiveness of DPC isolates in 
Iowa, we are unable to determine conclusively if there has been a change in pathogen aggressiveness 
within the local DPC population. Comparison of the components of aggressiveness amongst DPC 
isolates showed the same trends in each experiment although statistical differences between some 
isolates for some components varied. Isolate 1 and 3 always were the least aggressive on the soybean 
cultivar used of all isolates. Similarly isolate 5 and 7 were the most aggressive.  Interestingly isolates 
1 and 3 were from northwest and southeast Iowa, respectively, while isolates 5 and 7 were from 
southwest and northeast Iowa. So although statistical differences were detected within arbitrarily-
selected isolates from the northwest, northeast, southwest, and southeast areas of Iowa, it is difficult 
to conclude which area of Iowa has the highest risk of the disease due to the aggressiveness of the 
DPC population in that area. Further studies evaluating the aggressiveness of more isolates from each 
of these areas are needed. In addition, studies on the overwintering survival of the DPC population in 
each of the different areas would add to our understanding of stem canker disease risk since 
environmental conditions, particularly during October to April, are different in each area, and the 
overwintering survival affects the next year’s initial inoculum and disease prevalence. 
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Table 1. Comparison of components of aggressiveness for 9 isolates of Diaporthe phaseolorum var. 
caulivora. Soybean plants (Glycine max (L.) Merr. “S35”) were wound-inoculated at the node of first 
trifoliate at the V2-V3 growth stage. The experiment was performed twice under controlled 
conditions in a growth chamber (23°C) and photoperiod of 12 h:12 h. 
Experiment 1. 
Isolate 
No. 
Incubation 
perioda (h) 
Rate of lesion 
expansionb 
Final lesion 
length (mm)  
Time to deathc 
(h) 
1  96 a       1.05 e 24.07 c 240 a 
2  60 c       1.26 cd 37.35 a 192 b 
3  96 a       1.19 de 30.48 b 240 a 
4  84 b       1.63 a 35.17 a 192 b 
5  68 c       1.47 a-c 36.22 a 168 c 
6  80 b       1.57 ab 35.10 a 192 b 
7  60 c       1.37 b-d 36.99 a 168 c 
8            88 ab       1.61 a 34.41 a 192 b 
9  84 b       1.66 a 34.53 a 192 b 
 
 
Experiment 2. 
 
Isolate 
No. 
Incubation 
perioda (h) 
Rate of lesion 
expansionb 
Final lesion 
length (mm)  
Time to deathc 
(h) 
1 96 a 1.04 d 24.48 g 240 a 
2 60 d 1.29 c         38.17 a 192 b 
3 84 b 1.07 d         32.42 f 240 a 
4 84 b 1.63 a         36.24 bc 192 b 
5 72 c 1.61 a  37.42 ab 168 c 
6 84 b 1.59 a 33.84 ef 192 b 
7 60 d 1.36 c   35.74 b-d 168 c 
8 84 b 1.48 b  34.07 d-f 192 b 
9 84 b 1.50 b  35.21 c-e 192 b 
 
a
 Incubation period was operationally defined as the time between inoculation and lesion length ≥ 5 
mm. 
b Rate of lesion length versus time after inoculation (using the logistic model). 
c Plants were considered dead at the assessment time at which no green leaf tissue was present. 
Means with the same letter were not significantly different (P=0.05).
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Table 2. Comparison of components of aggressiveness of isolates of Diaporthe phaseolorum var. 
caulivora from 4 areas in Iowa. Soybean plants (Glycine max (L.) Merr. “S35”) were wound-
inoculated at the node of first trifoliate at the V2-V3 growth stage. The experiment was performed 
twice under controlled conditions in a growth chamber (23°C) and photoperiod of 12:12. 
 
Experiment 1. 
 
Isolated 
area 
Isolate 
No. 
Mean of 
incubation 
perioda (h) 
Mean of  
rate of lesion 
expansionb 
Mean of final 
lesion length 
(mm)  
Mean of time 
to deathc (h) 
NE 6,7,8,9 78 a 1.55 a 35.26 a 186 c 
NW   1 96 a 1.06 c 24.07 b 240 a 
SE   2,3 78 a 1.23 b 33.92 a 216 b 
SW   4,5 76 a 1.55 a 35.70 a 180 c 
 
Experiment 2. 
 
Isolated 
area 
Isolate 
No. 
Mean of 
incubation 
perioda (h) 
Mean of  
rate of lesion 
expansionb 
Mean of final 
lesion length 
(mm)  
Mean of time 
to deathc (h) 
NE 6,7,8,9 78 b 1.48 b 34.72 a 186 c 
NW   1 96 a 1.04 d 24.48 b 240 a 
SE   2,3 78 b 1.17 c 35.30 a 216 b 
SW   4,5 72 b 1.62 a 36.83 a 180 c 
 
a
 Incubation period was operationally defined as the time between inoculation and lesion length ≥ 5 
mm. 
b
 Rate of lesion length versus time after inoculation (using the logistic model). 
c
 Plants were considered dead at the assessment time at which no green leaf tissue was present. 
Means with the same letter were not significantly different (P=0.05). 
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Fig. 1. Prevalence of northern stem canker at the county scale in Iowa in 2005 as part of the Iowa 
Soybean Disease Survey (Robertson and Nutter, unpublished). There were 1218 soybean fields 
sampled and assessed for plants with symptoms of northern stem canker in 2005, with approximately 
12 fields sampled within each Iowa county. Soybean plants exhibiting northern stem canker 
symptoms were assessed on 62 plants collected from 31 fields which located in 25 different counties. 
62 
 
Fig. 2. Geographic distribution of the Diaporthe/Phomopsis varieties isolated from soybean plants 
exhibiting northern stem canker symptoms in Iowa counties. There were 1218 soybean fields sampled 
and assessed for plants with symptoms of stem canker in 2005, with approximately 12 fields sampled 
within each Iowa county. Isolates were obtained from 62 plants exhibiting northern stem canker 
symptoms and single-spored. The ITS region of purified isolates was amplified using primers ITS4 
and ITS5, and the amplicon was digest using AluI to identify each isolate to varieties.  Diaporthe 
phaseolorum var. caulivora was isolated from soybean plants from 7 counties and Phomopsis spp. 
was isolated from soybean plants from 21 counties. There were 3 counties that had both pathogens 
present. 
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CHAPTER 4. GENERAL CONCLUSIONS 
Both studies discussed were part of the Iowa Soybean Disease Survey which was conducted 
during 2005 to 2007. The objectives of the survey were to detect causal agents and map the 
distribution and intensity of the diseases/pathogens in Iowa counties. 
Samples from approximately 1,000 soybean fields in Iowa were detected for Soybean mosaic 
virus (SMV) during growing seasons of 2005, 2006, and 2007. This is the first well-documented 
study depicting the seasonal pattern of the change in SMV prevalence during the growing season in 
Iowa. Higher prevalence was found in July and August. We also are the first to show a quantitative 
relationship between SMV prevalence and incidence (both on the county scale), that the higher the 
percentage of fields that tested positive for SMV in a county, the higher the average SMV incidence 
within that county. The work also showed that counties with relatively higher levels of SMV 
prevalence and incidence tend to have a neighborhood structure of being adjacent to other counties 
that also have higher levels of SMV prevalence and incidence. Therefore the risk for SMV prevalence 
and incidence at the county scale is not random within Iowa. The relatively low prevalence and 
incidence of SMV in Iowa counties and soybean fields in 2005 and 2006 indicated that the presence 
of the soybean aphid during these growing seasons had little impact on SMV disease risk. However, 
the much higher prevalence and incidence of SMV in 2007 suggested that alate soybean aphids 
played an important epidemiological role in the dissemination of SMV in Iowa soybean fields, 
particularly when the population densities of soybean aphids per plant exceed a certain threshold. 
Further research should focus on the interaction between soybean aphid population dynamics and the 
rate of change in the prevalence and incidence of SMV in Iowa soybean fields. 
By using our sampling and isolation methods, the causal agent of southern stem canker, 
Diaporthe phaseolorum var. meridionalis, was not present in Iowa soybean fields. Furthermore, stem 
canker was only assessed in 2005 with low prevalence at field scale, so it was not as prevalent as 
soybean agronomists perceived in the soybean fields during 2005 to 2007 growing seasons. Early-mid 
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season environmental conditions and resistance in the cultivars grown could be the reasons for the 
low disease level of stem canker in Iowa. These survey data also suggest that the risk of Soybean 
mosaic virus (SMV) interacting with Diaporthe phaseolorum var. caulivora (DPC), the causal agent 
of northern stem canker, and resulting in increased disease severity is very low in Iowa soybean 
fields, however further work should be done to confirm these data. Our study is the first to investigate 
the components of aggressiveness of DPC isolates in Iowa. The components of aggressiveness varied 
among arbitrarily selected DPC isolates, however, it is difficult to conclude which area of Iowa has 
the highest risk of the disease due to the aggressiveness of the DPC population in that area. Further 
studies evaluating the aggressiveness of more isolates from each of these areas are needed. In 
addition, studies on the overwintering survival of the DPC population in each of the different areas 
would add to our understanding of stem canker disease risk since environmental conditions, 
particularly during October to April, are different in each area, and the overwintering survival affects 
the next year’s initial inoculum and disease prevalence.  
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